A probabilistic model is described for transmitter release from hair cells, auditory neuron EPSP's, and discharge patterns. The model assumes that the release fraction of the transmitter is a function of stimulus intensity. It further assumes that some of this transmitter substance is taken back into the cell while some is irretrievably lost from the cleft. These assumptions differ from other recent models which propose multiple release sites, fixed release fractions, and no transmitter reuptake. The model produces realistic mammalian rate intensity functions, interval and period histograms, incremental responses, and adaptation effects. It mimics successfully the adaptation of successive EPSP amplitudes of the afferent neuron of the goldfish sacculus and offers a reinterpretation of the implications of these studies for hair cell synaptic mechanism. Regrettably, the simple and readily computable models of Schroeder and Hall (1974) and Oono and Sujaku (1'975) have been obliged to give way to more complex and computationally time consuming procedures. In an effort to encompass an increasing range of physiological phenomena, the number of components in the model has been increased. Ross (1982) replaces the traditional single reservoir of the transmitter within the hair cell by a cascade of four such reservoirs. Schwid and Geisler (1982) replace the hair cell membrane of uniform permeability with a set of six release sites each with its own permeability function, its own reservoir, and its own priority of access to a central replenishment reservoir; Smith and Brachman (1982) used 512 such sites, each with its own reservoir.
INTRODUCTION
A number of models of primary auditory fiber activity have been developed which generate a sequence of firings, in time, in response to a stimulating waveform (Siebert, 1965; Weiss, 1966 Regrettably, the simple and readily computable models of Schroeder and Hall (1974) and Oono and Sujaku (1'975) have been obliged to give way to more complex and computationally time consuming procedures. In an effort to encompass an increasing range of physiological phenomena, the number of components in the model has been increased. Ross (1982) replaces the traditional single reservoir of the transmitter within the hair cell by a cascade of four such reservoirs. Schwid and Geisler (1982) replace the hair cell membrane of uniform permeability with a set of six release sites each with its own permeability function, its own reservoir, and its own priority of access to a central replenishment reservoir; Smith and Brachman (1982) used 512 such sites, each with its own reservoir.
The recent development of multiple release site models was stimulated by the need to account for observations of the response of auditory nerves to brief tone bursts. In physiological preparations, tone onset causes an immediate rise in firing rate followed by a steady fall to an adaptation level which depends on the amplitude of the stimulating tone (e.g., Smith and Zwislocki, 1975 onset rate down to the adaptation level is independent of the intensity of the tone or the background signal level. Early models (Oono and Sujaku, 1975; Schroeder and Hall, 1974) have difficulty with this phenomenon. In their systems, a higher intensity tone burst leads to a more rapid depletion of transmitter level. The rate of fall is not independent of stimulation intensity in these models (Schwid and Geisler, 1982) . This occurs because the release fraction (or the probability that a given transmitter quantum will be released) is determined directly by the stimulus intensity.
In these early models, the transmitter reservoir also becomes fully depleted in the presence of moderately intense stimulation. Continued firing is therefore dependent upon the steady manufacture of a new transmitter. This means that a step increase to an already suprathreshold stimulus cannot generate a new onset response because the firing rate has become entirely dependent upon the rate of transmitter manufacture, and not stimulus amplitude. Later models with their independent release sites and reservoirs were able to cope with both problems by keeping some transmitter in reserve for responding to increases in stimulation and by having a fixed release fraction unaffected by stimulus intensity. In these models, an intensity increase results in an increase 'm the number of sites which release the transmitter into the cleft and not an increase in the amount released by a These developments were encouraged by the results of Furukawa and Matsum (1978) whose work on the goldfish appeared to imply that changes in stimulus intensity did not affect the probability of release of a transmitter quantum from the hair cell into the presynaptic cleft. Their conclusion was that the probability of release remained constant but the number of quanta available for release increased with stimulus intensity. This view is in accord with multiple reservoir hypotheses. If each reservoir is thought to have a different response threshold, the number of responding reservoirs will be directly related to stimulus intensity. If the probability of release of a quantum from an active reservoir is fixed, then the total number ofquanta released will reflect the stimulus intensity.
It will be shown that Furukawa and Matsuura's conclusions do not necessarily follow from their observations and that the concept of multiple release sites with graded thresholds is unnecessaxy. First, a model will be presented to show that a much simpler formulation can generate acceptable behavior in the kinds of situations under discussion..
The new model differs in one important respect from all previous models of hair cell activity except, perhaps, Eggermont's (1973) analog system. It assumes that most of the transmitter substance ejected into the cleft is rapidly taken back into the hair cell (Fig. 2) The synaptic cleft contains a fiuctu=ting amount of transmitter substance, c( t). An amount, rc( t )dt, is continuously returned to the hair cell and another amount, lc(t)dt, is continuously being lost.
We carl now summarize these events. The cell transmitter level q(t ) is replenished through manufacture and return from the cleft but is depleted by loss into the cleft,
dq =y[ 1 --q(t)] + rc(t) --k(t)q(t).
( 
dc = k(t)q(t) --lc(t) --rc(t). (3) dt
While in the cleft, transmitter quanta have a finite probability of influencing the post-synaptic excitatory potential. The greater the level of the cleft transmitter, the higher the probability that a spike process will be triggered. This effect is approximated by the probabilistic function
where h is a constant of the model. A simple refractory period is imposed by denying any event which occurs within 0.001 sofa previous event.
Equations ( 
A. Computer simulations of model A
In the simulations to be reported, the transmitter Was not quant/zed but values between 0 and 1 (i.e., M----1) were assumed. The events were generated using a random number generator in conjunction with expression (4). Equations Theories of the reuptake process usually require that the transmitter is broken down into inactive subcomponents in the cleft, where they are either lost by diffusion away from the cleft or taken up again into the cell to await reprocessing.
This latter effect must be less than instantaneous.
A solution to the first problem has already been given by Ross (1982) 
dt-y(1-v( t))-f(v-q(t )) t = f(v-q{t ))-k(t )q(t ) + re(t) dc dt -k(t)q(t)-Ic(t)-rc(t)
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A. Computer simulation of model B
The response of the system to a pedestal tone of 50 dB followed immediately by an increment of 20 dB is illustrated in Fig. 11 . The stimulus is a 1-kHz sinusoid and the pulses last 40 ms each (not enough to achieve complete adaptation). The rapid adaptation effect is best seen immediately after the increment onset. This is followed by a slower adaptation having a time constant of 42 ms.
• Auditory nerve fir- In Fig. 13 , the onset rate adapts less quickly than the steady-state rate but the effect is not very clear because the permeability function is saturating very soon after the steady-state rate. To illustrate that these two processes are separable in the model, the demonstration described in the previous paragraph was repeated using different parameters. The statistical analysis is not questioned but there is room for reinterpretation of the significance of the parametersp and n. This is possible if we assume that n repreaents the number of quanta in the cleft andp the probability that a given quantum will successfully traverse the cleft to inttuence the EPSP. This alternative interpretation is easier to defend in terms of current conceptions of synaptic activity.
There is, of course, no reason to expect that stimulus intensity will influence the probability of traversing the cleft, once in it. As a consequence, we expect p to be invariant. There is every reason to expect the amount of transmitter in the cleft n to be linked to stimulus intensity, Therefore, the responsiveness ofn to intensity changes and the lack of response of Model B has much in common with the recent models of Ross (1982) and Smith and Brachman (1982) While it is tempting to regard the system as cascading reservoirs of the transmitter (cf. Ross), this would be mi.sleading since the bnly concentration gradient used is that between the factory and the "free transmitter pool." Transfer into the cleft, reuptake, and outflow from the reprocessing store are all independent of concentration gradients. Future analysis may, however, show that these prOCeSses ought to be sensitive to concentration.
The simulations reported above did not quantize the transmitter substance, but this can be achieved by using integer arithmetic and setting the parameter M (maximum cell free transmitter) to a value much greater than one. When using very small time intervals, the movement of fractions of the transmitter quanta must be replaced by probabilities of movement of individual quanta but the net result is roughly the same. As a guide to the value of M, we might look again to Furukawa's results. If we assume that his "transmitter available for release" is, in fact, the "transmitter available in the cleft," we can tentatively use his figures to estimate our quantity c(t). He gives a highest value of approximately 50 quanta, occurring immediately after a 90-dB tone onset. In the above study, c (t) was rarely more than 5 % of the maximum possible value of total system transmitter level, suggesting a useful starting value of 1000 for M. A quantized model using this value for M has been tested in exactly the same way as the unquantized model using the same parameters and gives results no different from those reported above.
